The flux to arginine was determined 'in growing mycelium of Neurospora crassa carrying the aga mutation, by measuring the exponential growth rate and the arginine content of the free pool and that in protein. Derepression of the enzymes in the pathway by a factor of about three resulted in a 14% increase in the flux. Using a mutant (cpc-I), which affected the cross-pathway control, the pathway enzymes were found to have about threefold lower activities. This resulted in a 16% decrease in the measured flux. The effect of arginine acting as a feedback inhibitor of acetylglutamate kinase was estimated in an arg-12 mutant by varying the steady-state arginine concentration using histidine as a competitive inhibitor of the citrulline uptake. It is concluded that the feedback loop is mainly responsible for the small response of the flux to the large coordinate changes in the pathway enzymes. The results are discussed in terms of control analysis of metabolic systems.
INTRODUCTION
In micro-organisms it is not uncommon for parallel, or co-ordinate, changes to occur that affect the synthesis of all the enzymes involved in a particular metabolic pathway. The consequences of such changes for pathway fluxes in vivo, e.g. during exponential steady-state growth, will necessarily depend on the distribution of control throughout the whole metabolic system. Such consequences have seldom been examined experimentally although control analysis gives important general expectations (Kacser & Burns, 1973 , 1979 Kacser, 1983) .
In the filamentous fungus Neurospora crassa many, perhaps most, of the enzymes involved in at least six amino acid synthetic pathways are regulated by a common system known as 'crosspathway' (or general) amino acid control (Carsiotis et al., 1974; Barthelmess, 1982) . Enzyme derepression occurs in response to a reduction in the intracellular concentration of any one of a large number of amino acids, so that limitation of one particular amino acid increases the enzyme concentrations in many other amino acid synthetic pathways. Here we investigate the response of fluxes in the arginine synthetic pathway to changes in the levels of its enzymes. The availability of regulatory mutants and the ability of other amino acids (e.g. histidine) to signal derepression of arginine synthetic enzymes permits conditions to be chosen such that enzyme levels are varied independently of the cellular arginine concentration.
The last six enzymes of arginine synthesis (nos. 4 to 9 in Fig. 1 ) are all known to respond to cross-pathway regulation in N . crassa (Flint & Kemp, 1981 ; Carsiotis et a/., 1974) . Of these, one, carbamoyl-phosphate synthetase (arginine), is also subject to 'arginine specific' regulation, t Present address: Department of Genetics, The University, Glasgow, UK.
which results in repression of the synthesis of the small subunit when the internal arginine concentration is increased by supplementation of the medium (Davis et al., 1981) . All other activities involved in the synthesis of arginine from glutamate are almost fully repressed during growth on minimal medium (Cybis & Davis, 1975) , and their ability to derepress is likely to be due entirely to cross-pathway control (Barthelmess, 1982; Flint et al., 1985) . For all these enzymes, derepression factors are similar and, at least for the last three enzymes of the pathway, derepression has been shown to be approximately co-ordinate (Barthelmess et al., 1974) . In addition an early enzyme, acetylglutamate kinase (no. 3), is known to show feedback inhibition by arginine (Cybis & Davis, 1975) . The quantitative influence of feedback inhibition on flux is examined here experimentally. There is also evidence that increases in the arginine pool can alter the compartmental distribution of ornithine between vacuoles, cytosol and mitochondria such that citrulline synthesis becomes reduced (Bowman & Davis, 1977b; Davis et al., 1978) . Such 'internal' regulatory consequences may tend to oppose the effects of an 'externally' imposed co-ordinate increase in enzyme activities. Although all these phenomena are fairly well documented, the net outcome of their simultaneous action is quantitatively unpredictabie from their individual descriptions. Interpretation of the experimental results depends on the necessary framework of control theory which has been developed elsewhere (Kacser & Burns, 1973 , 1979 , 1981 Kacser, 1983; Heinrich & Rapoport, 1974; Fell & Sauro, 1985) .
METHODS

Strains.
The mutants and their particular alleles (given in brackets) used in strain constructions were: aga (UM906), cpc-1 (CD15), arg-12 (UM107) and ota (UM728). All were present in STL74A background. Their properties are described in the text.
Growth conditions. Growth and harvesting of mycelial cultures was as described previously (Flint et al., 1980) . Citrulline and 3-amino-1,2,4-triazole (3AT) were sterilized by filtration before being added to the medium. 3AT was added 5 h after inoculation to a final concentration of 1 mM.
Enzyme assays. Ornithine carbamoyltransferase (OCTase, EC 2.1 .3.3), argininosuccinase (ASAase, EC 4.3.2.1) and glutamate acetyltransferase (EC 2.3.1 .35) activities were assayed on dialysed extracts of powdered, lyophilized mycelium as described previously (Flint & Kemp, 198 1) . Argininosuccinate synthetase (SYNase, EC 6.3.4.5) was assayed by the formation of [14C]argininosuccinate (Asa) from L-[ureid~-~~C]citrulline as follows. An ATP-generating system (22 pl of a solution containing 127 mg creatine phosphate ml-l and 1 mg creatine phosphokinase ml-l) was combined with 278 p1 of reaction mix (20 mM-L-[ureid~-'~C]citrulline ( lo5 c.p.m. pmol-I ), 20 mM-L-aspartate, 100 mM-L-fumarate, 200 mM-Tris/HCI pH 7.5); the reaction was initiated by adding 100 p1 1 mM-ATP (pH 7.5)and 100 p1 dialysed extract (containing 500 pg total protein). Incubation was at 34 "C, for periods of up to 30 min, and reactions were stopped by boiling for 15 min to convert Asa to its anhydride forms. After centrifugation (15 min, 1OOOg) the supernatant was adjusted to pH 3.0 and passed through a Dowex 50 x 8 Pasteur pipette column pre-equilibrated at pH3.0 with sodium citrate buffer. After washing with 30 ml pH 3.0 buffer (to remove citrulline) Asa anhydrides were eluted with 10 ml pH 5.0 sodium citrate buffer, and radioactivity was determined by liquid scintillation counting.
Amino acidpools. Mycelial amino acid pools were determined by ion-exchange chromatography and amino acid analysis as described previously (Flint et al., 1980) .
RESULTS A N D DISCUSSION
The relevant aspects of the arginine pathway are shown in Fig. 1 . All experiments were done on strains that carried the aga mutation, which abolishes arginase activity. This makes it possible to estimate the flux to arginine from the known rate of incorporation into protein and the expansion flux of arginine (Flint et al., 1980, 198 1) . Three other mutants were used in some of the experiments reported. cpc-1 is a mutant which abolishes derepressibility (Barthelmess, 1982) ; ota and arg-12 are mutants which abolish ornithine aminotransferase and ornithine carbamoyltransferase activity respectively.
Growth on minimal medium
Changes in the activities of enzymes subject to cross-pathway control were achieved in two ways. First, a strain showing normal regulation was grown on a concentration of the histidine pathway inhibitor 3AT that elicits cross-pathway derepression, by reduction in the histidine Fig. 1 . Diagram of the arginine pathway. Abbreviations used : Ogl, 2-oxoglutarate; Glu, glutamate; AcGlu, acetylglutamate; AcGlu-P, acetylglutamate phosphate; AcGsa, acetylglutamate semialdehyde; Acorn, acetylornithine; Om, ornithine; Cbm-P, carbamoyl phosphate; Cit, citrulline; Asp, aspartate ; Asa, argininosuccinate ; Arg, arginine ; Fum, fumarate ; Gsa, glutamic semialdehyde ; Put, putrescine. The common names of the enzymes numbered (1)- (13) for enzyme activities, around 15% for amino acid pools and < 10% for growth rate constants. ND, Not determined. concentration, without seriously affecting growth. The activities of the final three enzymes of arginine synthesis were determined here (Table l) , but it is also known that earlier pathway enzymes are similarly affected (Flint & Kemp, 1981 ; Barthelmess, 1982) . Second, use was made of a mutant strain (cpc-I), impaired in cross-pathway regulation, which also shows reduced 'basal' expression of the enzymes when grown on minimal medium. Table 1 reveals that the approximately three-fold reduction in enzyme activities occurring in the cpc-I strain, by comparison with cpc-I+ grown on minimal medium, resulted in a 16% decrease in the flux to arginine. During growth on 3AT an approximate threefold increase in steady state-enzyme activities resulted in a 14% increase in the flux. Comparing the lowest with repressed, enzyme activities: 0 , data for an urg-12ure-1 strain at different steady-state levels of citrulline input (Flint et ul., 1980) ; 0, data for the cpc-I+ ugu strain - Table I ); 1, effect of increased or decreased enzyme levels due to growth of cpc-I+ ugu on citrulline + 3AT or of the cpc-1 ugu strain grown on citrulline (Table 1) ; a, 'expected' values of the fluxes based on the enzyme levels are also indicated. the highest, we therefore find that a 10-fold change in enzyme activities produces only a 1.36-fold change in flux. The endogenous flux to arginine is therefore relatively insensitive to substantial changes known to affect most, if not all, of the pathway enzymes.
Growth on citrulline-supplemented medium A different response to enzyme variation was obtained for cultures grown on the arginine precursor citrulline. As observed previously (Flint et al., 1980) , the flux to arginine was considerably greater in a cpc-l+ strain during growth on 2 mM-citrUhe than during growth on minimal medium (Table 1 ). This is due to the active uptake of citrulline resulting in substantially higher concentrations within the mycelium.The resulting mass action effect is reflected in the higher flux.
It should be noted that, for reasons to be discussed below, different citrulline and Asa concentrations were found in the three growth conditions in which the media contained citrulline. Because of the resulting different mass action effects, this makes a direct comparison of the fluxes difficult. We can, however, compare the observed fluxes with those expected from the known relationship between Asa concentration and flux to arginine (Flint et al., 1980) (Fig.  2) . It is clear that, taking account of different Asa concentrations, the enzyme changes occurring in cpc-1 and 3AT-treated wild-type strains respectively, resulted in flux deviations which were approximately proportional to the enzyme changes. Only the OCTase activities were determined in this experiment. There is, however, good evidence (Barthelmess et al., 1974; Flint & Kemp, 1981 ; Flint et al., 1985) that approximate co-ordinacy is unaffected by the presence of supplements.
The flux to citrulline (see Table 1 ) for the strains grown on minimal medium represents endogenous synthesis. The same flux on medium supplemented with citrulline represents almost entirely uptake from the medium, as will be discussed later. The observed changes in flux to arginine will therefore depend not only on the enzyme changes but also on any changes of uptake from the medium. The overall 2.7-fold reduction in flux to arginine realized in the cpc-1 mutant compared to cpc-I+ may be ascribed to the approximately three-fold reduction in enzyme activities accompanied by a more than twofold reduction in uptake. This change in uptake must be a consequence of the effect of the cpc-I mutation on the transport system(s). In contrast, cpc-I+ grown on citrulline plus 3AT realized a less than 12% increase in flux compared to growth without 3AT despite twofold derepression. If the flux to arginine were to change proportionally, this twofold enzyme change would have to be accompanied by a corresponding uptake change. The increases in the enzyme activities observed in the presence of 3AT were, however, accompanied by a decrease in the uptake of citrulline. The presence of 3AT, apart from its inhibition of histidine synthesis, has been separately shown by tracer studies to reduce amino acid uptake by the three main transport systems (P. Brown & H. J. Flint, unpublished results). The net result is a much lower citrulline pool, well below saturation of the synthetase (Flint et al., 1980) . But for this, the mass action effect of a high citrulline pool would have given a very much larger flux, as indicated by the analysis in Fig. 2 .
Feedback inhibition
A different experimental approach was used to demonstrate the potential role of feedback inhibition. An arg-12 ota aga triple-mutant strain was grown on medium containing 0.4 mMcitrulline together with various concentrations of the competitive uptake inhibitor histidine (Flint et al., 1980) . This resulted in a series of exponentially growing mycelia each containing a different total cellular arginine concentration (Fig. 3) . In this strain, changes in the ornithine pool can be used to assess the response of the biosynthetic flux to ornithine to changes in arginine. This is because the ota and arg-12 blocks prevent further conversion of ornithine and the aga block prevents production of ornithine via arginine catabolism (see Fig. 1 ). This leaves only the ornithine expansion flux and the flux carried by ornithine decarboxylase, which represents a constant efflux of around 6pmol (gdry wt)-' h-' (Bowman & Davis, 1977) . Arginine therefore has no metabolic consequence on the pathway moiety proximal to ornithine and its only effect is on the inhibition of acetylglutamate kinase. The results in Fig. 3 show an approximately 14-fold change in ornithine expansion flux over the range of arginine concentrations. This change must be attributed almost entirely to the action of feedback inhibition by arginine over the range 20-90 pmol g-I. For lower levels of arginine, the specific activities of the pathway enzymes increased and some of the increase in ornithine biosynthesis may be attributed to this derepression. The absolute values of the fluxes in Fig. 3 cannot be directly related to the endogenous fluxes in the absence of the arg-12 and ota blocks. The much larger concentrations of ornithine may have negative effects on ornithine synthesis and may also affect vacuolar compartmentation of arginine. It is nevertheless clear that inhibition occurs over the whole range of arginine concentrations and this feedback must therefore act as a buffer in the control of the flux to arginine.
General discussion The influence of changes in enzyme concentration or activity on the flux in a pathway is defined by the control coefficient, Ci, = (aJ/J)/(aEi/E,), that is the differential change in the flux, J , caused by a differential change in a particular enzyme, E,. We have previously shown (Flint et al., 1981 ; Kacser & Burns, 1981) that the individual control coefficients of enzymes in the arginine pathway in oioo are very small (0-01-0-l), i.e. that changes in any one will have very little net effect. Control analysis (Kacser & Burns, 1973; Heinrich & Rapoport, 1974) shows that if all the enzymes in a system are simultaneously changed by the same factor, a, then all fluxes will change by that same factor. This gives the so-called summation property, which is 2 Ci, = 1, where n = total no. of enzymes. The summation property has been demonstrated experimentally in mitochondria1 respiration (Groen et al., 1982) and in aromatic amino acid catabolism (Salter et al., 1986) . (See also Brumen & Heinrich, 1984.) The expectation of proportional changes in flux with co-ordinate enzyme changes in our system must be modified in three ways.
(1) In our experiments we used exponentially growing mycelium. In such systems (as distinct i = l from non-growing metabolizing systems) there will be 'expansion' fluxes of each intermediate metabolite as well as metabolic fluxes (Flint et al., 1980; Kacser, 1983) . These expansion fluxes are given by the product of the growth rate constant and the particular steady state pool concentration, J;P = k . S,. The summation property would apply to such expanding systems if the growth rate constant were also to change by the same factor, a. This is clearly not the case in our experiments (Table 1 ). In such a case the expectations are that the fluxes will change by a factor greater than a. This will only be important if the pool concentrations are very large.
(2) On the other hand, changes in enzyme concentration are restricted to only part of the system. This will have the consequence of reducing the effect of co-ordinate changes. In particular, steps proximal to glutamate are not subject to cross-pathway regulation and are not affected by the cpc-1 mutation (Barthelmess, 1982; Flint & Wilkening, 1986) . There is no evidence that steps distal to arginine, namely arginyl/tRNA synthetase or other components of the protein synthetic machinery are subject to cross-pathway regulation.
(3) Of critical importance is the existence of a strong negative feedback loop. The action of the feedback of arginine on the first enzyme has the result of reducing the values of the control co-efficients of all the steps within the loop -and hence the effect of simultaneous changes in all enzymes (Kacser & Burns, 1973) . Such reduction in control has the consequence of 'transferring' more of the control to steps distal to the signal. Similar effects may result from the argininespecific repression of carbamoyl-phosphate synthetase and the possible exclusion of ornithine from mitochondria. This buffering of the pathway output to enzyme changes is mainly responsible for the small observed response to the threefold reduction or increase in enzyme activities in the experiments on minimal medium.
It is a corollary of this interpretation that if the effects of the feedback inhibition were abolished, the responses would be considerably greater. In the absence of a mutant which is insensitive to arginine inhibition, our experiments involving growth on citrulline have similar consequences. In cultures grown on citrulline, the endogenous flux to citrulline becomes very small (cf. the much smaller ornithine pools) because of the strong inhibition by the large arginine pool (Table 1) . The flux to arginine therefore derives mainly, and effectively starts, from transport of exogenous citrulline. This is not subject to feedback control and the pathway is effectively shortened to : citrulline transport-SY Nase-ASAase-protein synthesis. This shortened section of the pathway, which now constitutes the only part whose response to enzyme changes need to be considered, is no longer subject to the buffering effect of the feedback loop. The results for the cpc-1 mutant on citrulline, therefore, showed an approximately proportional response of the flux to the enzyme and transport reductions. Similarly, an increase in the activity of the three steps would have been expected to produce a corresponding increase in flux. In fact, the fortuitous secondary action of 3AT in reducing citrulline uptake in opposition to the 3AT mediated derepression of the enzymes resulted in only a small net flux response being observed, We must also consider how compartmentation of arginine and ornithine may affect our conclusions. In wild-type N . crassa grown on minimal medium with NH,N03 as nitrogen source, less than 2% of the total cellular arginine and ornithine pools are present in the cytosol, most of the remainder being sequestered in vacuoles (Davis et al., 1978; Subramanian et al., 1973) . The arginine concentrations relevant to feedback inhibition (which are probably intramitochondrial) and to enzyme derepression (which are probably cytosolic) will therefore not be those reported in Table 1 and in Figs 2 and 3 which are total extractable values. This would affect the scale of the relevant molecular concentrations but not the calculation of the fluxes which must use total pools as determined. If the cytosolic pool is simply a proportion of the total, a constant factor will transform the scale. If, however, the distribution between vacuoles and cytosol changes with total pool changes, the scalar transformation will be non-linear. In such a case the shapes of the curves in Figs 2 and 3 will be altered but their monotonicity will not be affected. No quantitative information is available on such possible distribution changes, but, in any case, none of our arguments rely on such information.
The absence of arginase activity caused by the aga block in all the strains used here does not affect the general conclusions. aga+ strains, in fact, show no detectable arginine catabolism when grown on minimal medium. This is due to very low cytosolic arginine concentrations and non-induced arginase activity. For the conditions represented in the top half of Table 1 the genetic elimination of arginase will therefore have no effects.
When grown on citrulline (or arginine), substantial arginine catabolism does take place in aga+ strains due to much higher cytosolic arginine and induced arginase activity. The ornithine so produced is, however, not 're-cycled' into arginine synthesis because it is prevented from entering the mitochondria under these conditions (Bowman & Davis, 1977b) . The only significant effect of the aga block in the citrulline supplemented experiments would be to increase the cytosolic and vacuolar arginine more than would occur in the presence of arginase. This would affect the inhibition relationship at the higher values of arginine. The results shown in Fig. 3 are from experiments on an aga+ strain, so that the demonstrated inhibition function applies to wild-type strains and equally to aga strains on minimal medium (as shown above).
In conclusion, we find that enzyme activities, varied singly or in concert, play a minor role in the control of the endogenous flux to arginine of wild-type N . crassa. We believe that the major role is played by feedback inhibition although other interactions, such as compartmentation, may play some part. The widespread existence of feedback inhibition suggests that these conclusions may be quite general. It is, however, important to note that a demonstration of inhibition per se is not sufficient to predict this outcome. The steepness of the inhibition function, represented by the value of the elasticity coefficient of activity with respect to the inhibitor, relative to all the other elasticity terms (Kacser & Burns, 1973) , will determine the effect on the control coefficients of the enzymes.
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